ABSTRACT: The drying of hydrogel films formed by Poloxamer 407 poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) amphiphilic block copolymer was investigated at various air relative humidity (RH) conditions ranging from 11 to 97%. Initially, the amount of water lost increased linearly with the drying time. After this linear region (stage I), a nonlinear behavior was observed (stage II). The drying rate increased with decreasing RH, thus greatly shortening the drying time. A decrease of the film thickness also shortened the drying time; however, the drying mechanism did not change. Three models for one-dimensional water diffusion were used to fit the experimental results at different RH conditions and film thicknesses. Model 1 assumes semi-infinite medium and constant diffusion coefficient, and fits very well the data in stage I of the drying process. The fitted water diffusion coefficient (D) is 5 Â 10 À10 m 2 /s, whereas the effects of the RH are captured by a proportionality constant (a) that appears in the boundary condition. Model 2 considers a finite (constant) film thickness and captures the experimental observations over the whole drying period for the same D and a as in Model 1. The analytical solutions available for Models 1 and 2, used together with the experimentally derived model parameters D and a, allow for easy estimation of drying time and water loss from Poloxamer hydrogel films of various compositions and thicknesses and at different relative humidities. Numerical solutions for water diffusion under conditions of decreasing film thickness and diffusion coefficient being a function of concentration are also presented (Model 3). It becomes apparent from the fit of the data to the different models that the drying rate is more sensitive to the boundary condition at the film-air interface (represented by a) than to the diffusion in the film. It is notable that the a values obtained from the fits of the Poloxamer hydrogel drying rate are comparable to those obtained from drying of water films under the same experimental conditions. ß
INTRODUCTION
Polymer-based films are frequently encountered in the pharmaceutical and biomedical fields, for example, coatings on solid dosage forms, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] packaging, 11 cosmetic emulsions and gels applied to skin, [12] [13] [14] and pharmaceutics applied to mucus surfaces. [15] [16] [17] Many film formation processes involve solvent evaporation (drying) from a polymer solution or dispersion. As the solvent is removed from the polymer solution, the structure of the polymer may change dramatically, for example, from randomly dissolved polymers to (semi) crystalline structures, or from colloidal dispersion to continuous film. The types of structures that the polymers attain over the course of drying should affect both the solvent and the drug diffusion coefficient in the film. Drying is also a critical step in the preparation of many pharmaceutical products. For example, solid dosage forms (granules, tablets, or films) are often prepared by solvent cast (evaporation) method, in which water (or organic solvent, or mixture of them) is evaporated and a dry dosage form is achieved. 2, [18] [19] [20] Solid dosage forms can also be prepared by spraydrying method. 6, 21 The drying methods and drying conditions have a profound effect on the structure and physico-mechanical properties of the final dosage forms, and thus affect the migration and release of drugs in the dosage forms. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] A class of polymers that find numerous applications in the pharmaceutical and biomedical fields, for example, drug formulation and delivery, [38] [39] [40] [41] [42] [43] are the Poloxamers. In the presence of water, Poloxamer or Pluronic poly(ethylene oxide)-poly (propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) amphiphilic block copolymers exhibit a variety of ordered (lyotropic liquid crystalline) nanostructures, where spherical, cylindrical, or planar micelles are organized in a lattice. [44] [45] [46] [47] Many of the applications of Poloxamers involve the transport of solvent (water) in the block copolymer solutions and/or hydrogels. In controlled release applications, the transport of both water and drug molecules is often accompanied by the dissolution of Poloxamer hydrogels. 41, [48] [49] [50] Whereas the transport of solvent in disordered solutions of polymers or in semicrystalline polymers has been studied extensively, [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] the transport of water in the nanostructured hydrogels formed by Poloxamers has not received appropriate attention.
In this work, we were interested in the removal of water from hydrogel films formed by Poloxamer 407. As the solvent concentration in the hydrogel decreases, the ordered structures will undergo a transition from micellar cubic phase to hexagonal phase. [61] [62] [63] [64] When the solvent (water) concentration is very low, crystallization of the PEO blocks of the copolymers will occur. [61] [62] [63] [64] These ordered structures may affect the drying mechanism of the hydrogels. Our study does not only improve the understanding of drying of films based on Poloxamer hydrogels, but is also relevant to other surfactant-containing film applications such as skin creams and surface cleaning. In this article, we first present experimental data on the time evolution of water loss from Poloxamer 407 block copolymer hydrogels when exposed to air of different relative humidities. We then fit the experimental data with models for water diffusion, and we obtain the diffusion coefficient of water in the hydrogel and a parameter that describes the effect of relative humidity (RH) on evaporation. We finally compare the drying of Poloxamer 407 hydrogels to that of polyethylene glycol (PEG) aqueous solutions.
MATERIALS AND METHODS

Materials
The Poloxamer 407 (Pluronic F127 NF) poly (ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide) copolymer was used as received from BASF Corp (Mount Olive, NJ). It has nominal molecular weight of 12,600 g/mol and 70 wt % PEO content. On the basis of its molecular weight and chemical composition, Poloxamer 407 can be represented by the formula (EO) 100 (PO) 70 (EO) 100 . Poly(ethylene glycol) homopolymers PEG4000 (molecular weight ¼ 3500 $ 4500 g/mol) and PEG20000 (molecular weight ¼ 16,000 $ 24,000 g/mol) were obtained from Fluka (Milwaukee, WI) and were used as received. Samples were prepared individually by weighing appropriate amounts of polymer and water with a Mettler AG245 (Toledo, OH) electronic balance with AE0.1-mg accuracy. Lithium chloride (LiCl), sodium bromide (NaBr), sodium chloride (NaCl), potassium chloride (KCl), potassium nitrite (KNO 3 ), and potassium sulfate (K 2 SO 4 ) were purchased from Fisher Scientific (Suwanee, GA). All salts were analytical grade. Saturated aqueous salt solutions were prepared by dissolving a large excess amount of pure salts in water. Millipore-filtered water was used for all sample preparations.
Generation of Known Constant Water Vapor Pressure
The driving force for the solvent (water) transfer from one phase to another is the difference in the solvent chemical potential (or equivalently, osmotic pressure) between the different phases. In our case, when the water chemical potential in the block copolymer hydrogel (lyotropic liquid crystal) sample is less negative than that in the air, the hydrogel losses water, that is, drying takes place. When the water chemical potential in the hydrogel is more negative than that in the air, the hydrogel tends to absorb water. In our study, the water chemical potential at each air RH condition examined is higher than the water chemical potential in the initial hydrogel sample (30 wt % Poloxamer 407), thus drying is achieved. When the water chemical potentials in each phase become equal to each other, there is no net water transfer between the two phases and equilibrium is attained. The water chemical potential in the air, Dm, can be determined by the water vapor pressure in the air:
The ratio of water vapor pressure p to the saturated water vapor pressure p 0 is designated as relative humidity (RH). Known water vapor pressures can be generated by saturated aqueous salt solutions. 65, 66 Table 1 lists the salts that we used to generate a series of known (constant) RH environments. The gel samples were equilibrated with air of known water vapor pressure in a large sealed Petri dish (diameter D & 140 mm), with no direct contact between each hydrogel sample and the salt solutions. The saturated aqueous salt solutions and gel samples were each placed in small open Petri dishes (diameter d & 35 mm). One large Petri dish contained eight small dishes, from which two dishes were gel samples and the other six dishes were salt solutions to ensure that a constant vapor pressure was maintained. Both large and small Petri dishes are made from hydrophobic material (polystyrene), so the absorption of water vapor by the dishes is negligible. Because the dishes are sealed well and there is no disturbance except when measurements are collected, the air is still and the air velocity is not a variable in these drying experiments.
The sealed dishes with the higher RH (75, 85, 94, and 97%) were placed in an incubator (kept at 248 AE 0.18C) that maintained a surrounding RH in the range 70-90%. For the lower RH cases (11 and 58%), the sealed dishes were kept in an airconditioned room with temperature at 248C (AE18C) and RH ranging from 10 to 60%. In this way, the disturbance of opening the system to take measurements was greatly shortened. The time needed for the system to reach the desired RH after disturbance was no more than half an hour. When the surrounding humidity and the desired humidity were similar, the equilibration time was very short (a few minutes). The time required for sample weighing was a few minutes, including the weighing time and sample transfer time. The time scale shown in the final results and data analysis is the real recording time, including the opening disturbance time and weight measurements time. Because the water loss in the early stages of the drying process was much larger than that in the final stages, the measurements were taken every 10-12 h in the beginning, and longer time intervals were used when the drying had proceeded. The total time required for drying ranged from 3 to 4 days for very dry air conditions (11% RH) to about 60 days for very humid air conditions (97% RH) (when the initial film thickness is 3 mm). A digital hygrometer (AE1.5% RH accuracy; Fisher Scientific, Suwanee, GA) was used to check the RH of the air in contact with the saturated salt solutions.
Hydrogel Film Formation
The Poloxamer 407 sample exhibits a thermoreversible transition from liquid solution at low temperature (e.g., 48C) to ordered micellar cubic phase at room temperature. [61] [62] [63] [64] At 248C, the samples are isotropic solutions (L 1 ) below 18 wt % Poloxamer 407. Above 18 wt % Poloxamer 407, various ordered structures form with increasing block copolymer concentration. [61] [62] [63] [64] When the block copolymer concentration is between 19 to 63 wt %, a micellar cubic liquid crystal phase (I 1 ) exists at the temperature of our experiments (248C), in which the micelles are crystallized in a cubic lattice. When the concentration is in the range 65-75 wt %, a hexagonal liquid crystalline phase (H 1 ) forms with structure consisting of cylindrical assemblies packed in a hexagonal lattice. At concentrations >75 wt %, the block copolymer is in a semicrystalline paste-like form. The initial concentration of Poloxamer 407 samples studied here was set at 30 wt %.
To prepare the 30 wt % Poloxamer hydrogel, the block copolymer was mixed with water and kept in a refrigerator (48C) for several days until a homogeneous solution was obtained. To achieve a uniform film, the 30 wt % Poloxamer 407 sample was first weighted in a small Petri dish, then moved to the refrigerator (48C) and kept there for a while. After the gel sample became liquid, the Petri dish container was moved out carefully and placed on a flat surface. Upon a slow increase in temperature, a uniform and smooth film of transparent gel was formed. The sample was weighed again to check for possible water loss during this process. Because the time required for film formation was generally about 10 min, the water loss was negligible. The small container was then moved into the large dish that contained small containers with saturated salt solution. The large container was sealed carefully and the recording of time started.
We examined films of three different initial thicknesses (1, 3, and 5 mm) in order to access the effect of film thickness on the drying course of Poloxamer hydrogels. The 3-mm film thickness was used for all the air RH conditions, whereas 1-, 3-, and 5-mm films were examined at 58 and 85% relative humidities. The flat hydrogel film was initially transparent. The film surface receded toward the bottom of the container during the drying process. When the water content in the gel was low (about 20 wt %), the hydrogel became opaque because of the semicrystalline domains formed by the PEO blocks of Poloxamer 407. This change in appearance coincides with the phase boundary between the hexagonal phase and the high-polymer-content paste phase. At this point, the film surface was no longer smooth but showed some wrinkles. The Poloxamer 407 concentration and water loss as a function of time data reported in the Results and Discussion section are the average values of two sets of experiments, conducted in parallel at the same temperature and same air RH. Very good reproducibility was observed: the errors were generally below 1% (the maximum error was 3.2%) and the error bars are smaller than the symbols used in the figures.
RESULTS AND DISCUSSION
Equilibrium Water Content in Poloxamer Hydrogels
When the chemical potential of water in the humid air that surrounds the Poloxamer hydrogels is equal to that of water in the hydrogels, then there is no net water transfer between the water vapor and the hydrogel, and equilibrium is achieved. Depending on the RH, the equilibrium concentrations of Poloxamer hydrogels are different (see Fig. 1 ), and correspond to different ordered structures.
67 Table 2 lists the equilibrium concentration and the hydration level (H 2 O/EO molar ratio) of Poloxamer 407 hydrogels at different relative humidities. These values are very relevant to the drying experiments because they correspond to the infinite time conditions. Various ordered structures can form during the drying process. Because the initial concentration of the gel sample is 30 wt % Poloxamer 407, during the drying course, the micellar cubic and hexagonal liquid crystalline phases will successively form. At low relative humidities ( 75%), the block copolymer hydrogel retains very low water content ( 2 wt %), and thus contains crystalline PEO (as attested by the opacity of the film and irregularities on the surface). For example, the water content is only 0.14 wt % at 11% RH. The H 2 O/EO molar ratio in this condition is only 0.005, which indicates that the hydration level even in the hydrophilic PEO-rich domains is very low. When the RH of the air increases to 75%, the water content increases, but is still very low, about 1.7 wt % (H 2 O/EO molar ratio ¼ 0.062, corresponding to the high polymer-content paste region in the phase diagram). When the RH increases to 85% or higher, the equilibrium water content in the Poloxamer hydrogels increases accordingly (see Table 2 ). For example, at 85% RH, the H 2 O/EO molar ratio is 1.3 and the Poloxamer 407 concentration 73.5 wt % (corresponding to the hexagonal phase); at 97% RH, the H 2 O/EO ratio equals 3.7 and the Poloxamer 407 concentration equals 48.8 wt % (micellar cubic phase). Figure 2a shows the evolution of the Poloxamer 407 concentration as a function of time. This concentration is the average over the whole film, and is calculated based on mass balance at any given time. At first, the block copolymer concentration increased quickly; however, the change of the block copolymer concentration slowed down and then a plateau appeared. The weight of water lost from the film increases initially linearly with the drying time; after this linear region (stage I), a nonlinear behavior is observed (stage II; see Fig. 2b ). Higher RH increased the time needed for the water weight loss, but in all the air RH conditions, the water weight loss increased linearly with the time initially. The linear region and nonlinear region in the water weight loss versus time curves (Fig. 2b) follow the two-stage mechanism for the drying process observed by many researchers. [68] [69] [70] [71] [72] [73] Although polymer entanglement and water hydration in the block copolymer hydrogels will hinder the water transport in the hydrogel, 74, 75 initially the water content in the hydrogel is very high (70 wt % H 2 O) and water can move relatively freely. So the drying process in stage I is limited by the water evaporation at the film surface. When the time proceeds and the water concentration becomes low, polymer structure (entanglement or crystallinity) and hydration will have a more important role and both surface evaporation and water transport in the structured gel affect the drying rate. This corresponds to stage II of drying.
Time Evolution of Water Loss in Poloxamer Hydrogels
The drying rate, the derivative of the water loss versus time curve (Fig. 2b) , is plotted in Figure 3a as a function of time. For all the air RH conditions, as described before, the drying rate is constant initially (stage I), followed by a falling rate region (stage II). The drying rate in stage I of the drying process is a linear function of air RH (Fig. 3b) . The drying rate at stage I is 33.7 g/(m 2 Á h) at 11% RH (when the initial film thickness is 3 mm), but when the RH increases to 97%, the drying rate decreases to 2 g/(m 2 Á h), about 17 times smaller than the rate at 11% RH. The time duration of the constant rate region is longer when the RH is higher. At 11% RH, the total drying time is about 86 h, but at 97% RH, the total drying time increases to 1420 h (about 60 days). To compare the stage I drying rate of Poloxamer hydrogel to evaporation of pure water, water films were dried using the same methodology and conditions as the Poloxamer films at relative humidities in the range of 11-58%. We found the evaporation rate of pure water to be comparable to (slightly higher than) that of the gel in stage I drying at the same RH conditions. Fletcher and coworkers studied by a gravimetric technique the evaporation rate of water from various media, for example, pure liquid, 76 emulsions, 77 and structured and nonstructured liquid mixtures. 78 Their results indicate that the initial water evaporation rate from pure water is constant at fixed temperature, and the evaporation rate is proportional to the vapor pressure of the sample, similar to the results obtained in our study in the stage I drying and pure water evaporation.
An additional feature is observed in stage II for drying at 75% RH, where the linear water loss versus time region is followed by a region where the water loss is linear to the square root of time, and then followed by a plateau. We believe that this behavior is due to the slowing down of diffusion in the film because of the formation of crystalline domains. The equilibrium Poloxamer content at 75% RH falls in the paste-like phase, whereas that at 85% RH falls in the hexagonal phase (Fig. 1) . This is also consistent to observations on the drying of PEG (to be discussed later). We would expect the square root of time dependence to be present also in the drying of Poloxamer hydrogel at RH <75% (we have data for drying at 11% and 58% RHs); however, drying occurs much faster at these RH conditions and the time resolution of our data is not sufficient to establish this.
Water Diffusion
The diffusion of water in the hydrogel film can be described by Fick's second law 79 :
where C is the concentration of water in the hydrogel, g/m 3 ; t is drying time; x is the water diffusion direction (normal to the surface of the film); D is the diffusion coefficient of water in the gel that is generally a function of the water concentration.
Because there is a large water vapor source (large amount of saturated aqueous salt solutions) in the sealed container where we kept the hydrogel film for drying, the water vapor pressure in contact with the polymer film is considered constant at all times. The rate of water exchange between the water vapor and the hydrogel sample depends on the RH of the air and the water concentration at the surface of the hydrogel. 79 The simplest assumption is that the rate of water concentration change at the film surface is directly proportional to the difference between the actual concentration, C s , at the surface at any time, and the concentration at the surface, C 1 , in equilibrium with the (constant) water vapor pressure in the air. where a is a constant of proportionality (related to the mass transfer coefficient between the film surface and the adjacent air). Equation 3 is used as a boundary condition to solve eq. 2. The initial condition is
where C 0 is the initial water concentration in the hydrogel film (70 wt % water throughout the film for all the cases considered here) and l is the initial film thickness. In what follows, we examine two cases (denoted here as Model 1 and Model 2) for which eq. 2 has an analytical solution. We then solve eq. 2 numerically (Model 3) so that we relax assumptions involved in Models 1 and 2.
Model 1: Semi-infinite Medium
The drying process is assumed here as onedimensional diffusion (constant D) through a semi-infinite medium. An analytical solution (eq. 5) for the water concentration as a function of x and t can be obtained by solving eq. 2 for the boundary and initial conditions shown in eqs. 3 and 4, respectively. 79 In the case of semi-infinite medium, x ranges from 0 (film surface) to 1 in eq. 4. At x ¼ 1, the water concentration equals the initial water concentration at all times.
where p ¼ a/D. The rate of the total amount of water [M(t)] that has crossed a unit surface area by time t is given by
Substituting eq. 5 into eq. 6 and integrating from t ¼ 0 to t, we can obtain the total quantity of water that has crossed the unit area of the surface 79 :
Values of Parameters Obtained by Fitting to Model 1
The experimental water weight loss data have been fitted by eq. 7 (Fig. 4) . Model 1 fitted very well the experimental results in stage I of the drying process using a water diffusion coefficient value of D ¼ 5 Â 10 À10 m 2 /s and proportionality constant values (a) that depend on the air RH (see Table 3a ). However, there is a large deviation between the fitted values and experimental results in stage II. We will discuss the possible reasons for this large deviation in the next section. It may be reasonable to think that the point where the Model 1 starts to fail to fit the experimental data is the point where the concentration of water at the bottom of the film starts to change (i.e., the assumption of semi-infinite film thickness does not hold). However, this is not the case. For example, at 11% RH, the time scale when the water concentration at the bottom of the film (l ¼ 3 mm) starts to change (to become 90% of the initial concentration) is about 17 min, 
MðtÞ
which is much smaller than the time when the Model 1 starts to fail to fit the experimental data, about 63 h.
Water Diffusion Coefficient
The diffusion coefficient of water in Poloxamer hydrogels has been shown to depend on the Poloxamer PEO/PPO composition and molecular weight, and on the Poloxamer concentration and temperature. 80, 81 In particular, the diffusion coefficient of water in Pluronic P105 [(EO) 37 (PO) 50 (EO) 37 ] hydrogels was found to decrease exponentially from 3 Â 10 À10 to 5 Â 10 À12 m 2 /s with an increase of Poloxamer concentration in the range of 25 $ 90 wt %. 81 In this study, a constant diffusion coefficient was adequate to fit well stage I of the drying process for various air RH conditions and for different film thicknesses (see section Effect of Film Thickness), which suggests that the contribution to the diffusion coefficient from the gel structure is not pronounced in stage I. The value of the diffusion coefficient (D), 5.0 Â 10 À10 m 2 /s, obtained from fitting with Model 1 is comparable to the diffusion coefficient in the micellar cubic phase in the Pluronic P105-water system reported by Yang.
81
The self-diffusion coefficient of water in pure water is 2.23 Â 10 À9 m 2 /s at 258C. 82 The value we obtained from Model 1 is one order of magnitude lower than this value, which is reasonable given that the PPO part of the volume is inaccessible to water. The water self-diffusion coefficient in Poloxamer 407 aqueous solutions was studied by NMR and it was found that the water selfdiffusion coefficient decreased monotonically with increasing Poloxamer concentration in the range 1 $ 40 wt %. 74 The water self-diffusion was half of the self-diffusion coefficient of neat water at 278C, about 1.1 Â 10 À9 m 2 /s, when the Poloxamer concentration was 40 wt %. 74 The value obtained from our fitting with Model 1 is about half of this literature value, which is reasonable because our fittings covered a range of higher Poloxamer concentrations. The water diffusion coefficient in Poloxamer 407 hydrogel was reported as 4.3 Â 10 À9 m 2 /s at 24 wt % Poloxamer and 2.3 Â 10 À9 m 2 /s at 30 wt % Poloxamer at 378C. 50, 83 This water diffusion coefficient was obtained by measuring the water transport in a simple syringe system and by fitting the experimental results with Fickian models and appropriate boundary conditions. 50, 83 These values are very close to the self-diffusion coefficient of water.
Water diffusion coefficient values in systems of medical significance, for example, contact lens hydrogels, bicontinuous cubic phase, and phospholipid membrane, have been reported in the literature [84] [85] [86] and are summarized in Table 4 . The water self-diffusion coefficient (measured by NMR) for eight commercial contact lens hydrogels was found in the range 4.7 $ 14.7 Â 10 À10 m 2 /s. 86 Water diffusion in the lamellar phase of egg phosphatidylcholine-water system was studied by the pulsed field gradient-spin echo H-1 NMR, 84 and the water diffusion coefficients in the direction parallel to the lipid bilayer ranged from 1. 85 This value is five times lower than the value obtained from our fitting but in the same order of magnitude with the diffusion coefficient in the Pluronic P105 hexagonal phase. 81 
Proportionality Constant a
The proportionality constant was determined using the above model at various air RH conditions. The proportionality constant ranges from 3.3 to 15.5 Â 10 À9 m/s and is a linear function of the RH at a given film thickness (see Table 3a ). As mentioned earlier, the drying in stage I is controlled (limited) by the outside air conditions and not by the diffusion in the gel. The linear correlation between the proportionality constant and the RH validates this postulation. The proportionality constant values reported here are very similar to those obtained from the evaporation rate of pure water under the same drying conditions (conducted as a control experiment in our study).
Model 1 Assumptions
In modeling the drying of the block copolymer hydrogels as described above, the following assumptions have been made: (1) The water concentration is uniform throughout the hydrogel film at time ¼ 0. This has indeed been the case in our experiments. (2) The density of block copolymer aqueous solution/gel is assumed to be 1 g/cm 3 (constant). (3) There is no temperature change in the gel film during the drying process: isothermal process. (4) Water diffuses only along the direction perpendicular to the surface of the hydrogel film: one-dimensional diffusion. This is a reasonable assumption because the ratio of the diameter of the small container to the film thickness is generally very large; for example, when the initial film thickness is 3 mm, the ratio is about 12. (5) The surface evaporation rate is linear with respect to the difference between the water concentration on the surface and the concentration at equilibrium with the water vapor pressure in the air (eq. 3). This is a common description for evaporation rate at a surface. 18, 69, 76, 79, 87 (6) The hydrogel film is assumed as semi-infinite in the water diffusion direction. At the early stage of drying, this is a reasonable assumption because the water concentration at the bottom of the container will be the same as the initial concentration. We relax this assumption in Model 2 (finite, constant film thickness) and Model 3 (variable film thickness). (7) The water diffusion coefficient in the hydrogel film is constant. Although the water diffusion coefficient is a function of block copolymer concentration, 81 the value (5.0 Â 10 À10 m 2 /s) that we used in Model 1 fitting is in the same order as the water diffusion coefficient obtained in the micellar cubic and hexagonal phases of Pluronic P105 hydrogel; these structures are also observed during stage I of drying. We relax this assumption and use variable diffusion coefficient in the numerical fittings of Model 3 presented later.
Model 2: Finite (Constant) Film Thickness
The governing diffusion equation for a film of finite (constant) thickness is still eq. 2. The boundary condition at the bottom of the hydrogel film (x ¼ 0) is given by eq. 8 shown below.
The boundary condition at the film surface (x ¼ l) is eq. 3, but with opposite sign (because of x ¼ 0 being now at the bottom of the film). The analytical solution of eq. 2 with constant D, the above boundary condition and eq. 4 as initial condition is as follows 79 :
b n s are the positive roots of eq. 10.
In this model, the total amount of water that has crossed a unit film surface area at time t, M(t), is expressed by the following equation 79 :
where M 1 is the total amount of water that has crossed a unit film surface area at infinite time. We used eq. 11 to fit the experimental results of drying of the hydrogel film as shown in Figure 5 . Model 2 captures the experimentally observed trend better than Model 1 over the whole concentration range; however, Model 2 does not have the accuracy of Model 1 in stage I of the drying process. In the new fits, the same water diffusion coefficient, D ¼ 5.0 Â 10 À10 m 2 /s, was used as in Model 1. The proportionality constants a used in the Model 2 fittings are identical or very close to the values obtained in the Model 1 fits (see Table 3a ). The water concentration distribution in the hydrogel film at any time t is described in the context of Model 2 by eq. 9. The water concentration profiles thus obtained are rather flat at all times (data not shown here).
When using Model 2 for fitting the experimental data, the hydrogel film was assumed to be of fixed thickness. However, the film thickness decreases during the drying process. Also, the assumption of constant diffusion coefficient which is not severe in the Model 1 fitting of stage I, becomes significant in Model 2 as it covers the whole block copolymer concentration range. Numerical modeling of this drying process for the case of variable film thickness and variable diffusion coefficient is presented in the Model 3 section. The analytical solutions (Model 1 and 2) used here are still useful because they provide an easy estimation of drying parameters.
Model 3: Variable Film Thickness and Diffusion Coefficient
In the case of variable film thickness (function of water content in the film), the boundary condition at the film-air interface is obtained by a jump mass balance, 52, 53, [56] [57] [58] 60 where the term C[dh(t)/ dt] accounts for water flux due to the moving boundary (this term could be neglected under the quasi-steady-state approximation)
The film thickness is obtained by polymer mass balance in the gel film.
where w 0,H 2 O is the initial water weight fraction; w w H 2 O ðtÞ is the average water weight fraction in the film at time t.
The total quantity of water that has crossed a unit area of the film surface by time t, M(t), is
The water diffusion coefficient in the gel is assumed to be an exponential function of water concentration 87, 88 
where D 0 is a pre-exponential factor (it has units of diffusion coefficient), and k is a constant (the same units as C).
The governing equation (eq. 2), together with the initial condition (eq. 4) and boundary conditions (eqs. This further validates that the film-air interface has an important role in the drying process. The water distributions in the film, obtained from the numerical solution, at different times during drying at 58% RH are shown in Figure 7 . The film shrank significantly at the beginning of the drying process. The water concentration profiles are rather flat. Figure 8a and b show the effect of film thickness on the water weight loss during the drying course. The two-stage drying mechanism is maintained when the film thickness is changed; however, the drying time is greatly shortened when a lower film thickness is used. For example, at 58% RH when the film thickness is reduced from 5 to 1 mm, the drying time needed for achieving >99.5% of total water loss is reduced from 360 to 63 h.
Effect of Film Thickness
When the models used to fit the experimental results represent reality well, the water diffusion coefficient and proportionality constants should be the same even if the film thickness is changed. The three models have been used to fit the experimental data at different film thickness and the results are listed in Table 3b . The fitting results from Model 3 are shown in Figure 8a and b. All three models fit adequately the data at different film thicknesses with the same diffusion coefficient and almost the same proportionality constant (see Table 3b ). This means that the thickness of films has no effect or very small effect on the proportionality constant. When Model 1 is used for fitting the data for 85% RH, a increases from 4.8 Â 10 À9 to 6.0 Â 10 À9 m/s (25% change) when the film thickness increases from 1 to 5 mm. However, this change is relatively small compared with the fivefold change in a when the RH varies in the range of 11-97% RH (Table 3a) . So, our results and models are consistent, and we can use the water diffusion coefficient D and proportionality constant a obtained from fitting our experimental data to predict drying kinetics at different film thicknesses.
Drying of PEO Homopolymers
The drying of poly(ethylene glycol) homopolymer (PEG4000 and PEG20000) aqueous solutions at two different RHs (58% and 85%) was investigated in this study as a control experiment for the drying of Poloxamer hydrogels. Poloxamer is an amphiphilic molecule and forms ordered self-assembled structures, whereas PEG does not self-assemble. The PEO molecular weight of Poloxamer 407 is about 9000, between the molecular weights of PEG4000 and PEG20000. The equilibrium concentrations of PEG and the final forms after drying are shown in Table 5 . Also shown in Table 5 are the hydration levels (H 2 O/ EO molar ratio) at equilibrium. The equilibrium states of PEG20000 at both air RH conditions examined are solid, whereas the equilibrium state of PEG4000 is solid at 58% RH and solution at 85% RH. This is because PEG20000 has a higher molecular weight than PEG4000 and is easier to crystallize. In the early stage of the drying of PEG4000 and PEG20000 solutions ( Fig. 9a and  9b ), the water weight loss was a linear function of drying time, similarly to stage I of Poloxamer 407
hydrogel. This suggests that at stage I, the polymer concentration is important but not the polymer structure. In stage II of the drying of PEG4000 solution at 58% RH and of PEG20000 at both 58 and 85% relative humidities, a region where the water loss is a linear function of square root of time has been observed. This region is similar to what has been observed in the drying of Poloxamer 407 hydrogel at 75% RH. The region commenced when the PEG changed from a transparent solution to an opaque semicrystalline form, at concentrations of about 70 wt % for PEG4000 and 64 wt % for PEG20000. Model 3 can capture very well the stage I data for all PEG samples and the stage II data for PEG4000 at 85% RH (using the a and D values reported in Table 3c ), but not the region in stage II drying discussed above (as seen in Fig. 9 ). This suggests that the diffusion mechanism operating at these specific conditions may be different than that described by Model 3. As mentioned earlier, such a region is very clear in the drying of Poloxamer 407 hydrogel at 75% RH, but less visible at 58 and 11% RHs. For example, the duration of this region for Poloxamer 407 at 75% RH is about 260 h, but is only 11 h at 11% RH. The crystallization time for neat PEO (viscosity-average molecular weight 1.44 Â 10 5 ) 
DRYING OF POLOXAMER HYDROGEL FILMS
from the amorphous state (about 10-20% crystallinity) to about 70% crystallinity was reported from about several minutes at 458C to about 3 h at 528C. 89, 90 Although the PEO crystallization time reported in the literature may not be applicable in our system because the systems examined and the temperature are different, it indeed indicates that the crystallization time of PEO is shorter than the drying time even at the very low RH case. The less visible linear water loss versus square root of time region at low RH is due to the fewer data points collected because of faster drying.
CONCLUSIONS
The drying of films formed by Poloxamer 407 hydrogels was investigated at various air RH conditions covering the range from 11 to 97%. To the best of our knowledge, this is the first study for the drying of films formed by block copolymer or surfactant hydrogels that are exposed to known water vapor pressures. Parameters affecting the drying process, such as the air RH and film thickness, have been investigated and are reported here.
Two regimes are observed for the drying process, constant drying rate (stage I) and falling drying rate (stage II). The amount of water lost increases linearly with the drying time during stage I. After this linear region, a nonlinear behavior is observed. At conditions when the equilibrium state was semicrystalline, a region where the water loss was a linear function of square root of time was evident in stage II. The drying rate in stage I increases linearly with decreasing RH. Deceasing the film thickness greatly shortens the drying time, but the same drying mechanism is maintained. Two-stage drying was also observed in PEO homopolymer aqueous solutions. The results indicate that selfassembled structures present in Poloxamer 407 hydrogel are not important in the stage I drying, but the semicrystalline polymer structures formed by Poloxamer 407 and PEG at low water contents affect significantly the stage II drying as attested by observed changes in the slope of water loss versus time data.
Three models (of increasing complexity) for the diffusion of water in the film are used to fit the experimental results. Model 1 assumes semiinfinite medium and it fits the data very well in stage I of the drying process. A constant value of water diffusion coefficient D ¼ 5.0 Â 10 À10 m 2 /s is appropriate for fitting all the air RH conditions. The effect of the air RH conditions is described by a proportionality constant, a, used in the boundary condition. The proportionality constant is a linear function of the air RH, but is independent of the film thickness. Model 2 considers a finite 
